Myocardial nuclei have been found to undergo a dramatic change in nuclear conformation during the contraction-relaxation cycle. This was demonstrated with electron micrographs of longitudinally and transversely oriented nuclei in contracted and relaxed fibers of rat myocardium. The contracted fibers had a mean sarcomere length of 1.7fi±0.1fj, ( ± 1 SD), and extended fibers had a mean sarcomere length of 2.1/u, ± 0.3fi. The amount of membrane wrinkling was quantified by comparing a straight-line distance of 6.64JH between two points on the nuclear membrane to the distance along the membrane (NML) between the same points. The degree of wrinkling was expressed as "redundancy" which is [(NML -6.64)/6.64] X 100. Longitudinal sections showed a marked difference in mean length and width in the two populations of nuclei, with an axial ratio of 2.2 in the contracted, and 4.8 in the extended fibers. The most obvious difference between the two populations, however, was the nuclear membrane redundancy, which was 2.1% and 27.0% for the extended and contracted fibers, respectively. Although a difference in nuclear membrane redundancy was clear in longitudinal sections, it was not apparent in transverse sections. It is concluded that during systole myocardial nuclei become longitudinally compressed with folding of the membrane perpendicular to the long axis. The correlation of the change in sarcomere length with the change in nuclear length and membrane redundancy suggests a coupling of the nuclear membrane to some sarcomere segment.
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• Although the nuclei of contracted myocardial cells are known to have wrinkled membranes (1, 2) , nothing is known about changes in nuclear shape during the contraction-relaxation cycle. Examination of published electron micrographs incidentally showing nuclei in contracted or relaxed muscle (3) suggests that a change in nuclear configuration may occur, but such a change has neither been looked for nor commented on by previous investigators. In this communication, we present data on the appear-ance of myocardial nuclei during contraction and relaxation and attempt to quantify the relationship between sarcomere length and nuclear conformation.
Methods
Male Sprague-Dawley rats were used for all experiments. These animals varied from 160 to 360 g in body weight, but for those experiments in which comparative data were obtained, animals of similar weight were used. To obtain hearts in various stages of contraction, animals were killed by the intraperitoneal injection of either 10 mmoles of CaCl 2 , 10 mmoles of KCI, or 0.6 mmoles of ethylenediamine tetraacetate (EDTA) at pH 7.0 followed by two injections of KCI of 5 mmoles each, 10 minutes apart. Some animals were killed by removing the heart after ether anesthesia. The heart was then bled before fixation. Diastolic configurations were also obtained by injection of the left ventricle with fixative after clamping the descending thoracic aorta and severing the inferior vena cava. Since sarcomere length was used as the 190 BLOOM, CANCILLA criterion of extension, the perfusion pressures were not measured; however, forceable extension was used.
Transverse sections about 1 mm thick were taken through both ventricles midway between the apex and base while the heart was covered with fixative. These sections were immediately placed in cold, buffered osmium tetroxide or glutaraldehyde fixative and later divided into small pieces for final processing. Glutaraldehydefixed tissue was then fixed in osmium, and then all tissue was embedded in Epon 812 after dehydration and clearing.
One-micron sections were made for evaluation and orientation. Longitudinal or transverse sections were obtained with a diamond knife, stained with lead citrate, and photographed with an RCA EMU 3H or Siemens Elmiskop IA electron microscope. Electron micrographs used for mensuration data were usually prepared at an initial magnification of 2,000 diameters.
The measurements made of nuclear conformation were maximum length and width, and degree of membrane wrinkling (redundancy). Measurements of sarcomere length and overall nuclear length and width were made with a precision caliper. Nuclear membrane folding was evaluated by comparing the distance along the membrane (NML) with the straight-line distance between points which were 6.64u apart. Both of these measurements were made with a Keuffel and Esser "map measurer." Care was taken to use only that portion of the membrane in the middle third of the nucleus. The degree of nuclear membrane folding was expressed as the "per cent redundancy": % redundancy = NML -6.64 6.64 X 100. Transverse sections of two rat hearts taken midway between apex and base. Right: heart from an animal killed with CaClg; it is clearly in the systolic configuration. Left: heart that was injected by way of the left ventricle with glutaraldehyde fixative; both ventricles are markedly distended. Fixed sections such as these were used as a source of material for electron microscopy. The line indicates 1 cm. a contracted and a dilated heart similar to those from which samples were taken for electron microscopy are shown in Figure 1 . Although both ventricles participate in the contraction or extension, only sections from the lateral wall of the left ventricle, midway between apex and base, were used.
Results

Representative fixed transverse sections of
The most consistent diastolic patterns were obtained with those hearts prepared by distention of the ventricles with fixative under pressure. The pressure used was not recorded. However, the sarcomere length for the relaxed hearts (Table 1 ) were in the same range as that found in dogs after careful control of end diastolic pressure during fixation (4, 5) . Contraction patterns were most consistently seen following CaCl 2 or EDTA-KC1. While the reason for this effect of EDTA-KC1 is unclear, the degree and uniformity of the contraction patterns were as great as those obtained with CaCl2. Sarcomere lengths in contracted and extended heart muscle are shown in Table 1 . These values, and the nuclear changes associated with them, were similar for all methods used to produce the contracted or relaxed state except that a more uniform degree of sarcomere extension was obtained by injection of the left ventricle with fixative than with KC1. No differences were observed in measurements from the osmium-fixed and glutaraldehyde-fixed muscles.
The most obvious difference between the electron microscopic appearance of the nuclei from contracted and dilated hearts was in the nuclear membrane ( Figs. 2-5 ). In the dilated heart, the membrane was smooth, but considerable wrinkling was noted in the contracted specimens. The nuclear membrane redundancy was found to be 21% in the contracted state and 2.1% in the distended state. In most sections, the wrinkling was largely random and bore no relationship to specific bands of the adjacent myofibrils. In selected sections, however, many nuclear membrane indentations were clearly related to Z discs (Figs. 2, 3 , and 5) as also noted by DiDio (1) and Moore and Ruska (6) . These indentations associated with Z discs were often most prominent close to one nuclear pole where they were often quite sharp as compared to the rounded contour of 1 c i '-?
FIGURE 6
Transverse section through the nucleus in contracted osmium-fixed myocardium. There is little redundancy of the nuclear membrane. The line indicates 1/JL. the infoldings seen elsewhere. Occasionally, these terminal indentations divided a nucleus completely in the plane of section, giving the appearance of a separate nuclear fragment ( Figs. 2 and 3) . This phenomenon has been described previously (7) but was not associated with the contracted state. Prominent terminal indentations have never been seen by us at both poles of a single nucleus in spite of the many sections examined, the longitudinal orientation, and the midnuclear sectioning, as evidenced by the presence of two separate nucleoli. Shallow nuclear indentations opposite Z discs were even seen in extended fibers ( Fig. 4 ) in some sections. Measurements of nuclear length and width indicated a pronounced difference between the nuclei in contracted and extended heart muscle cells ( Table 1 ). The nuclei in contracted myocardium were much shorter and could be described as "compressed"; those in relaxed or extended heart muscle could be described as "elongated." Compressed nuclei were wider than elongated nuclei but often tapered more at one or both poles (Fig. 3) .
Cross sections of nuclei, as shown in Figures 6 and 7 , were not perfectly circular. Areas of flattening and angulation were noted equally in nuclei contained in contracted and relaxed fibers. Measurements of redundancy were not made on these micrographs because the general curvature made such measurements less meaningful. Nevertheless, any nuclear membrane redundancy present in cross sections was much less than that seen in longitudinal sections, and micrographs showing nuclei from contracted and relaxed fibers in cross section could not be distinguished using nuclear membrane redundancy as the discriminating feature.
Calculations of the correlation between sarcomere length and the measurements of nuclear configuration were based on the same data used to prepare Table 1 . The re- Transverse section through the nucleus in extended glutaraldehyde-fixed myocardium. There is little redundancy of the nuclear membrane. The line indicates lp. suits of these calculations are presented in Table 2 and show direct covariance of nuclear length with sarcomere length. Membrane redundancy and nuclear width vary inversely with sarcomere length. There is, however, no tendency for the number of sarcomeres per nucleus to vary with the sarcomere length, suggesting that there is no systematic change in the number of sarcomeres per nucleus during contraction.
Discussion
Myocardial nuclei are surrounded on all sides by bands of contractile fibrils. During rhythmic physiological contraction, these fibrils decrease to approximately 2>2% of their resting length (8) and become wider at the same time (9) . The changes in nuclear configuration found in this study indicate that in a dilated heart the nucleus exists as a cylinder-like structure with a smooth surface Artist's interpretation of elongated (A) and compressed (B) nuclei. The gray areas at the right indicate the cross-sectional appearance of the nucleus. Measurements are taken from Table 1 .
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( Fig. 8 ). During contraction there is shortening and widening of the nucleus, a change which would tend to reduce the surface-tovolume ratio and could account for the membrane redundancy noted in compressed nuclei. Since the nuclear membrane folds so as to produce ridges perpendicular to the long axis, we can surmise that the degree of lateral compression is less than the degree of longitudinal compression. Even if the lateral pressure were uniform so as to avoid longitudinal furrowing, it could not be comparable to the longitudinal compression. If it were, the observed dimensional changes could not occur. The possibility of lateral compression has to be considered, however, since it is known that myofibrils become wider during contraction (9) . Because the nuclear compression or elongation was related only to the sarcomere length and was independent of the method of killing or compression, we believe that it represents an in-vivo phenomenon.
There are two major alternative explanations for the mechanism of nuclear compression during contraction. These are (1) transmission of the compressing force through the sarcoplasm and small organelles to the nuclear poles with accordion-like compression or (2) coupling of sarcomere contraction to nuclear contraction by direct anatomic associations between the nuclear membrane and some sarcomere segment. Although no specific supportive or refutative evidence is available for the first alternative, several forms of evidence support the second. The close correspondence between the change in sarcomere length, nuclear length, and re-dundancy during contraction suggests tight coupling of the membrane and the sarcomeres. Our failure to observe a significant difference in the number of sarcomeres per nucleus is also compatible with this hypothesis. The remaining point of a relationship between nuclear indentations and Z discs is perhaps the most important; but it is neither quantitative nor certain.
Another question raised by this investigation is the possible relationship between nuclear conformation and function. It is possible, for example, that movement of material across the nuclear membrane is influenced by the degree to which it is stretched or relaxed. Although we consider major changes in nuclear volume unlikely, it is possible that a certain amount of fluid is squeezed out of the nucleus during each contraction and that this could be an important component of "intracellular circulation." If such considerations are relevant to the function of myocardial nuclei, then it is possible that some secondary effects of prolonged cardiac dilatation, such as myocardial hypertrophy, are mediated through this change in nuclear conformation.
